The Kepler mission provides a wealth of multiple transiting planet systems (MTPS). The formation and evolution of multi-planet systems are likely to be influenced by companion stars given the abundance of multi stellar systems. We study the influence of stellar companions by measuring the stellar multiplicity rate of MTPS. We select 138 bright (K P < 13.5) Kepler MTPS and search for stellar companions with AO imaging data and archival radial velocity (RV) data. We obtain new AO images for 73 MTPS. Other MTPS in the sample have archival AO imaging data from the Kepler Community Follow-up Observation Program (CFOP). From these imaging data, we detect 42 stellar companions around 35 host stars. For stellar separation 1 AU < a < 100 AU, the stellar multiplicity rate is 5.2 ± 5.0% for MTPS, which is 2.8σ lower than 21.1 ± 2.8% for the control sample, i.e., the field stars in the solar neighborhood. We identify two origins for the deficit of stellar companions within 100 AU to MTPS: (1) a suppressive planet formation, and (2) the disruption of orbital coplanarity due to stellar companions. To distinguish between the two origins, we compare the stellar multiplicity rates of MTPS and single transiting planet systems (STPS). However, current data are not sufficient for this purpose. For 100 AU < a < 2000 AU, the stellar multiplicity rates are comparable for MTPS (8.0±4.0%), STPS (6.4±5.8%), and the control sample (12.5 ± 2.8%).
INTRODUCTION
As exoplanet surveys reach higher sensitivity and longer time baseline, more exoplanets are being discovered. Many of these exoplanets are in multi-planet systems. As of September 2015, the radial velocity (RV) technique and the transit method have detected 152 and 857 planets in multiplanet systems (http://exoplanets.org, Han et al. 2014) . From these systems, we can study their orbital spacing (e.g., Wright et al. 2011; Burke et al. 2014) , mutual inclination (e.g., Lissauer et al. 2011; Tremaine & Dong 2012) , and eccentricity distribution (e.g., Jurić & Tremaine 2008; Kane et al. 2012; Xie 2015) . These studies can be used to test theories of planet formation and dynamical evolution (Winn & Fabrycky 2015) .
While only ∼20% of Kepler planet host stars are multiple transiting planet systems (MTPS), the total number of planets in MTPS accounts for almost half of the Kepler planet candidates. Latham et al. (2011) compared Kepler MTPS to single transiting planet systems (STPS). They found a lack of gas giant planets in MTPS, which indicates that the existence of a gas giant planet may disrupt the orbital inclinations or suppress the forma-tion of multiple planets. Furthermore, other studies implied that the distributions of orbital spacings (Xie et al. 2014) , eccentricities (Xie 2015) and obliquities (Morton & Winn 2014) are different for STPS and MTPS. In this paper, we investigate one possibility that causes the different orbital architecture between STPS and MTPS, namely, the influence of dynamically-bound companion stars.
By comparing stellar multiplicity rate for 138 MTPS against stars in the solar neighborhood (Raghavan et al. 2010; Duquennoy & Mayor 1991) , Wang et al. (2014b) found evidence of suppressive planet formation in multiple stellar systems with stellar separations smaller than 20 AU. Beyond 20 AU, the stellar multiplicity rate was difficult to measure without high resolution and deep imaging data that provide sensitivity to stellar companions at these separations. Therefore, at separations wider than 20 AU, the influence of stellar companions on multi-planet formation was not well understood. In this paper, we gather adaptive optics (AO) images for the same MTPS sample in Wang et al. (2014b) . Since AO images for 65 MTPS are already available from the Kepler Community Follow-up Observation Program 4 (CFOP), we obtain new AO images for the remaining 73 MTPS at Keck observatory and Palomar observatory. The archival and newly obtained AO images reveal dozens of new stellar companions to planet host stars and put valuable constraints on multiplanet formation in multiple stellar systems.
The paper is organized as follows. We describe the sample selection and AO data acquisition in §2, followed by data analyses in §3. We report the stellar multiplicity rate for MTPS in §4. Discussion and summary are given in §5.
SAMPLE DESCRIPTION AND AO DATA ACQUISITION

Sample Description
The sample of MTPS remains the same as that in Wang et al. (2014b) . From the NASA Exoplanet Archive 5 , we select Kepler Objects of Interest (KOIs) that satisfy the following criteria: (1), disposition of either Candidate or Confirmed; (2), with at least two planet candidates; (3), Kepler magnitude (K P ) brighter than 13.5. The above selection criteria resulted in 138 MTPS in Wang et al. (2014b) . With the updated Exoplanet Archive, the selection criteria resulted in 208 MTPS. In this paper, we focus on the 138 MTPS to be consistent with previous work. Their stellar and orbital parameters can be found in Table 2 and Table 3 in Wang et al. (2014b) .
Most MTPS in our sample are true planetary systems based on a statistical analysis by Lissauer et al. (2012) . Subsequent papers on Kepler MTPS validated 851 planet candidates in 340 systems (Rowe et al. 2014; Lissauer et al. 2014) , 66 MTPS in our sample are included in those validated systems. Furthermore, 25 additional MTPS in our sample are confirmed planetary systems and the remaining 47 MTPS have disposition of planet candidate according to the latest NASA Exoplanet Archive. Therefore, the false positive rate for the MTPS sample studied in this paper should be extremely low.
AO Data Acquisition
Archival AO Data For Follow-up Observations
We checked the continually updated CFOP. To avoid repeated AO observations, we only observed KOIs that did not received AO follow-up observations. Some of the KOIs without AO data may have speckle imaging (e.g., Horch et al. 2012 Horch et al. , 2014 or lucky imaging data (e.g., Lillo-Box et al. 2012 ), but we re-observed these KOIs at Palomar and Keck Observatory because near infrared AO images provide deeper sensitivity and/or higher spatial resolution. For the same reason, we re-observed KOIs that have been observed by the Robo-AO project (Law et al. 2014) . For those KOIs whose AO data from Palomar, MMT, or Keck telescope were available through CFOP, we used the archival AO data. In total, AO data for 65 KOIs were obtained from CFOP and AO data for 73 KOIs were obtained by new observations at Palomar and Keck observatory.
AO Imaging with PHARO at Palomar
We observed 68 KOIs in the sample with the PHARO instrument (Brandl et al. 1997; Hayward et al. 2001 ) at the Palomar 200-inch 5 http://exoplanetarchive.ipac.caltech.edu telescope (San Diego County, California, United States). The observations were made between UT July 13rd and 17th in 2014 with seeing varying between 1.0 ′′ and 2.5 ′′ . PHARO is behind the Palomar-3000 AO system, which provides a on-sky Strehl of 86% in K band (Burruss et al. 2014) . The pixel scale of PHARO is 25 mas pixel −1 . With a mosaic 1K ×1K detector, the field of view (FOV) is 25 ′′ ×25 ′′ . We normally obtained the first image in K band with a 5-point dither pattern, which had a throw of 2.5
′′ . AO images in K band provide higher sensitivity to bound companions with late spectral type than J and H band images. Furthermore, the AO correction in K band is better and offers a better characterized point spread function (PSF). This is because image quality improves towards longer wavelength for a given wavefront sensing and correcting error (Davies & Kasper 2012) . A better image with a more stable PSF facilitates companion detection and characterization. Exposure time was set such that the peak flux of the KOI is at least 10,000 ADU for each frame, which is within the linear range of the detector. If a stellar companion was detected, we observed the KOI in J and H bands right after the K band observation. The color information is useful for estimating the stellar properties of the stellar companion and determining whether the companion is physically bound (see §3.2). Nearly simultaneous J, H, and K band observations help to minimize the influence of any time variability of the target.
AO Imaging with NIRC2 at Keck II
We observed 5 KOIs in the sample with the NIRC2 instrument (Wizinowich et al. 2000) at the Keck II telescope (Mauna Kea, Hawaii, United States). The observations were made on UT July 18th and August 18th in 2014 with excellent/good seeing between 0.3 ′′ to 0.8 ′′ . NIRC2 is a near infrared imager designed for the Keck AO system. We selected the narrow camera mode, which has a pixel scale of 10 mas pixel −1 . The FOV is thus 10 ′′ ×10 ′′ for a mosaic 1K ×1K detector. We started the observation in K band for each KOI for the same reason stated in §2.2.2 and followed by J and H band observations if any stellar companions were found. The exposure time setting is the same as the PHARO observation: we ensured that the peak flux is at least 10,000 ADU for each frame. We used a 3-point dither pattern with a throw of 2.5 ′′ . We avoided the lower left quadrant in the dither pattern because it has a much higher instrumental noise than the other 3 quadrants on the detector.
DATA ANALYSES
Contrast Curve and Detections
The raw data were processed using standard techniques to replace bad pixels, subtract dark, flatfield, subtract sky background, align and co-add frames. We constructed a bad pixel map using dark frames. Pixels with dark current that deviated more than 5-σ from their surrounding pixels were recorded as bad pixels. Their values were replaced with the median flux of surrounding pixels. Dark frames were obtained with the exact same setting as the science frames, e.g., exposure time, co-adds, and read-out mode. After dark subtraction, each science frame was corrected for flat fielding. The dithered science frames provided an estimate of the sky background which was subtracted off from the science frames. The dark-subtracted, flat-fielded, sky-removed science frames were then co-added, resulting in a single frame for subsequent analyses.
We calculated 5σ detection limit as follows. We defined a series of concentric annuli centering on the star. For the concentric annuli, we calculated the median and the standard deviation of flux for pixels within these annuli. We used the value of five times the standard deviation above the median as the 5σ detection limit. The detection limits at different angular separations are reported in Table 1 . We developed an automatic program to detect stellar companions whose differential magnitudes are brighter than the 5-σ detection limit. The program recorded the differential magnitude, position, position angle, detection significance of each detection. All detections were then visually checked to remove confusions such as speckles, background extended sources, and cosmic ray hits. In total, 42 stellar companions were detected within 5 ′′ around 35 KOIs. Their properties are summarized in Table  2 . Fig. 1 shows 9 KOIs with newly detected stellar companions within 2 ′′ .
3.2. Physical Association For stellar companions detected by imaging techniques, we need to check whether they are optical doubles/multiples, which will systematically increase the stellar multiplicity rate. To test physical association, Ngo et al. (2015) obtained multipleepoch AO images and measured common proper motion. In our case, Kepler stars are generally further away and common proper motion is more difficult to measure. Given only one epoch of observation, we can use color information of detected stellar companions and assess the probability of their physical association to primary stars (Lillo-Box et al. 2014; Wang et al. 2014a Wang et al. , 2015 . The color information provides an estimate of the stellar properties, which can then be used to estimate distance for consistency check between the primary and the secondary stars. Any inconsistent distance would be an indication that the primary and the secondary stars are optical doubles. For stellar companions with only single-band observations, color information is not available. We can assess the probability with a galactic stellar population simulation. This method is described in detail in Wang et al. (2015) and the physical association probabilities of each detected stellar companions are given in Table 2. 3.3. Combining AO Observations with Other Techniques Following the method described in Wang et al. (2015) , we conduct simulations to estimate the search completeness for the AO observations. In these simulations, we use the AO contrast curve as a threshold for detection. In practice, however, not all stars above the AO contrast curve are detected by our pipeline, so we run another simulation to test the goodness of using the contrast curve as a threshold. The simulation is identical to other studies (Gilliland et al. 2015; Lillo-Box et al. 2014; Ngo et al. 2015 ) that artificially inject companion stars with the same PSF at random separations, differential magnitudes and position angles. The results are shown in Fig. 2 for two examples, one for a Palomar AO image and the other one for Keck. For the Palomar AO image, 94.7% of injected companion stars above the contrast curve are successfully recovered by our detection pipeline and 88.2% of injections below the contrast curve are missed. For the Keck image, 90.7% of injections are recovered above the contrast curve and 88.4% are missed below the contrast curve. The simulation shows that using the contrast curve as a detection threshold is a reasonable assumption. The resulting AO search completenesses are within a few percent for the case of using AO contrast curve as a hard limit for detection and for the case using the artificial PSF injection result (Gilliland et al. 2015; Lillo-Box et al. 2014; Ngo et al. 2015) . The comparable results are due to a relatively smooth distribution of masses and separations of stellar companions, which translates to a smooth distribution on the ∆Mag -angular separation plane as shown in Fig. 2 . The hard-edge effect of using the AO contrast curve is averaged out and becomes comparable with a more realistic artificial PSF injection simulation.
Since AO imaging technique is not sensitive to stellar companions within or close to the diffraction limit of a telescope, we use other techniques to constrain the presence of stellar companions, i.e., the RV technique and the dynamical analysis (Wang et al. 2014b ). There are 22 KOIs in our sample with at least 3 epochs of RV observation. Following the description of Wang et al. (2014a) , we use the Keplerian Fitting Made Easy (KFME) package (Giguere et al. 2012) to analyze the RV data. Among 22 KOIs with RV data, only KOI-5 exhibits a RV trend. The stellar companion that can potentially induce the trend is constrained to be beyond 7 AU (Wang et al. 2014a ). More recent RV data suggest that, in addition to two transiting planet candidates, two more distant components exist in KOI-5 system (Howard Isaacson, private communication). One is a sub-stellar companion with a period of ∼2700 days and the other one is the AOimaged stellar companion. Therefore, we consider the closest stellar companion to KOI-5 has a projected separation of 40.12 AU (Table 2) .
Besides RV and AO observations, we can use dynamical analysis to put additional constraints on potential stellar companions. This dynamical analysis makes use of the co-planarity of MTPS discovered by the Kepler mission (Lissauer et al. 2011) . A stellar companion with high mutual inclination to the planetary orbits would have perturbed the orbits and significantly reduced the co-planarity of planetary orbits, and hence the probability of multi-planet transits (see §2.6 in Wang et al. 2014b) . Therefore, the fact that we have observed multiple transiting planet helps to exclude the possibility of a highly-inclined stellar companion. The dynamical analysis is complementary to the RV technique because it is sensitive to stellar companions with large mutual inclinations to the planetary orbits. For systems with no stellar companions detected by the AO and/or RV method, an isolation probability can be calculated based on the search completeness of AO and RV observations and the constraints from the dynamical analysis (Wang et al. 2015) . The isolation probability is a measure of how likely a star is isolated from other stellar companions within a certain distance. The isolation probabilities within 2000 AU for KOIs with non-detections of stellar companions are given in Table 1 .
STELLAR MULTIPLICITY RATE FOR MTPS
Following the same method described in Wang et al. (2015) , we calculate the stellar multiplicity rate for MTPS as a function of a, i.e., companion semi-major axis. We find that for 1 AU < a < 2000 AU, the stellar multiplicity rate for MTPS is 13.3 ± 5.7%, which is significantly (3.2σ) lower than 33.6 ± 2.8% for the control sample, i.e., the field stars in the solar neighborhood (Raghavan et al. 2010 ). We choose an upper limit of 2000 AU for comparison because the separation roughly corresponds to the smallest field of view of co-added AO images, which have the best sensitivity for stellar companion search. We further divide the semi-major axis of a stellar companion into two ranges, 1 AU < a < 100 AU and 100 AU < a < 2000 AU. We choose 100 AU because of two reasons. First, the separation is roughly the effective range of the perturbation of coplanarity by a companion star (see discussion of §5.2). Second, 100 AU is roughly the borderline of RV and AO sensitivity (Wang et al. 2014b,a) . Beyond 100 AU, the AO sensitivity is much higher than that for the RV technique. The stellar multiplicity rates for MTPS are 5.2±5.0% and 8.0±4.0% for 1 AU < a < 100 AU and 100 AU < a < 2000 AU, respectively. In comparison, the stellar multiplicity rates are 21.1 ± 2.8% and 12.5 ± 2.8% for the control sample in these two stellar separation ranges. The stellar multiplicity rate of MTPS for 1 AU < a < 100 AU is lower (2.8σ) than that for the control sample. For 100 AU < a < 2000 AU, the stellar multiplicity rates are comparable between MTPS and the control sample. Fig. 3 illustrates the comparison of the stellar multiplicity rates in these two separation ranges.
DISCUSSION AND SUMMARY
5.1. Interpretation of the Stellar Multiplicity of MTPS The stellar multiplicity rate for MTPS (5.2 ± 5.0%) is 2.8σ lower than that for stars in the solar neighborhood (21.1 ± 2.8%) for 1 AU < a < 100 AU. The difference may result from two possible origins that are not mutually exclusive. First, MTPS occur less frequently in multiple stellar systems. Suppressive planet formation in multiple stellar systems has been noted in previous observational works on both RV and transiting planet samples (e.g., Eggenberger et al. 2011; Roell et al. 2012; Wang et al. 2014b ) and recently a theoretical work (Touma & Sridhar 2015) . However, other works suggest that the influence of a stellar companion may not be significant (Gilliland et al. 2015; Horch et al. 2014) or may be facilitative depending on the stellar separation and planetary mass (Wang et al. 2015; Ngo et al. 2015) .
If suppressive planet formation does not play a role, there may be another origin for the low stellar multiplicity rate: MTPS are less likely to be observed in multiple stellar systems (Wang et al. 2014b) . Coplanarity of MTPS can be affected by an additional stellar component. Thus the likelihood of observing multiple transiting planets is reduced.
If suppressive planet formation plays a major role, then our measurements of stellar multiplicity rates indicate that within 100 AU, MTPS occur less frequently due to the influence of stellar companions. For 100 AU < a < 2000 AU, since the stellar multiplicity rates are comparable (0.9σ difference) between MTPS (8.0 ± 4.0%) and the control sample (12.5±2.8%), we conclude that the influence of stellar companions, if any, is too small to be observed.
Comparison to STPS
If coplanarity is responsible for the observed low stellar multiplicity rate for MTPS, then we should expect a difference of stellar multiplicity rate between MTPS and STPS. Note that the influence of stellar companions on coplanarity depends on stellar separations. If stellar separations are beyond ∼100 AU, their influence on coplanarity is negligible (Wang et al. 2014b,a) . Therefore, any difference of stellar multiplicity rate beyond 100 AU is more likely to be due to the origin of planet formation rather than the companions' influence on coplanarity.
In 5.1, we show that beyond 100 AU the stellar multiplicity rates are comparable between MTPS and the control sample. Here, we compare MTPS to STPS. Since these two populations likely have different dynamical history (Xie et al. 2014; Morton & Winn 2014) , the comparison allows us to study whether the difference is related to stellar multiplicity.
From CFOP, we select 89 Kepler STPS. The selection criteria are the same as described in §2 with two exceptions: 1, the number of transiting planet is equal to one; 2, they must have AO images. The stellar properties of these STPS are given in Table 3. The sample of these STPS is a subsample of Kepler stars with high-resolution imaging observations from CFOP (Ciardi 2015) . Out of these 89 Kepler stars, only 6 have RV observations. Since the RV technique is sensitive to close-in stellar companions, obtaining the statistics for stellar companions within 100 AU is difficult. Therefore, we focus on 100 AU < a < 2000 AU. The AO detections are listed in Table 4 . Following the same method in Wang et al. (2015) , we find that the stellar multiplicity rate is 6.4 ± 5.8% for STPS for 100 AU < a < 2000 AU,. The value is consistent with that for MTPS, i.e., 8.0 ± 4.0%. Therefore, we find no evidence that stellar companions between 100 and 2000 AU are responsible for the difference of orbital configuration between MTPS and STPS. However, the difference may be caused by stellar companions within 100 AU, for which we do not have adequate observational constraints.
Comparison to Previous Result
The same sample of 138 MTPS were studied in Wang et al. (2014b) . They found evidence of suppressive planet formation in tight binary stellar systems with a < 20 AU. This finding is consistent with the finding in this paper that the stellar multiplicity rate for MTPS is lower than the control sample within 100 AU at 2.8σ level. However, we cannot rule out another possibility that may cause the low stellar multiplicity, i.e., the influence of stellar companions on coplanarity of planetary orbits.
Combining newly obtained AO imaging data with archival RV data, we improve the statistics of stellar companions of planet host stars at large semi-major axes. For example, in Wang et al. (2014b) , stellar multiplicity rate can only be constrained within ∼100 AU because of a lack of AO imaging data. In this work, we extend the constraints to 2000 AU. Even within 100 AU, the stellar companion statistics is improved by the AO imaging data. This is because the AO imaging technique complements the RV technique at semi-major axes at which the dynamical signals are difficult to detect. The combination of AO and RV data enables the detection of a deficit of stellar companions to MTPS within 100 AU. Wang et al. (2014a) combined RV and AO data for 56 Kepler planet host stars. The stellar multiplicity rate for a < 2000 AU was 43.2 ± 5.7%, which is a factor of three higher than what we reported in this paper, i.e., 13.3 ± 5.7%. The discrepancy is due to two reasons. First, we exclude optical doubles whereas Wang et al. (2014a) included both optical doubles and physically associated companions. A physical separation of 2000 AU roughly corresponds to 3 ′′ -6 ′′ angular separation (for the typical distances to these Kepler stars), at which the physical association probability is ∼50%. Therefore, roughly half of visual companions are expected to be optical doubles around 2000 AU. Second, we considered statistics of stellar companions to planet host stars when calculating the incompleteness of companion search (Wang et al. 2015) . In comparison, Wang et al. (2014a) considered statistics of stellar companions for stars in the solar neighborhood. The companion search incompleteness was overestimated in Wang et al. (2014a) because the stellar multiplicity rate for planet host stars is generally lower than that for stars in the solar neighborhood especially for small semi-major axes. Therefore, the correction factor due to search incompleteness is smaller, resulting a lower stellar multiplicity rate.
Summary and Conclusion
We study the influence of stellar companions on MTPS using a sample of 138 Kepler MTPS. We search for stellar companions to these planet host stars with AO images and archival RV data. In total, we detected 42 stellar companions within 5 ′′ around 35 multi-planet host stars. The properties of detected stellar companions are summarized in Table 2 . We also provide detection limits for all stars in our sample in Table 1 .
We compare the stellar multiplicity rate between MTPS and a control sample, i.e., stars in the solar neighborhood. For semi-major axes 1 AU < a < 2000 AU the stellar multiplicity rate is 13.3 ± 5.7% for MTPS, which is 3.2σ lower than 33.6 ± 2.8% for the control sample, i.e., the field stars in the solar neighborhood (Raghavan et al. 2010 ). The deficit of stellar companions to MTPS can be a result of two origins, a suppressive planet formation and the disruption of coplanarity due to stellar companions. Since the latter may only be effective within 100 AU, we divide the semi-major axes into two ranges, 1 AU < a < 100 AU and 100 AU < a < 2000 AU. The stellar multiplicity rate of MTPS for 1 AU < a < 100 AU is lower (2.8σ) than that for the control sample. The stellar multiplicity rates are comparable between MTPS and the control sample for 100 AU < a < 2000 AU.
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